Abstract-The goal of this work is to evaluate the impact of the e-mobility charging processes on the electric grid, in a real-life study case. An effective approach is proposed to study the increase in the energy consumption on the grid with respect to both grid operation and efficiency. The work is developed considering three different recharging technologies, slow (based on domestic users), fast (based on public charging stations), and very fast (based on enhanced public charging stations). Furthermore, three different technologies distributions are evaluated (e.g. different scenarios on charging station deployment are simulated). The results show that fast charging technologies could better fit with e.cars exploitment, but they could cause also a significant stress increase over the grid. The paper is devoted to quantify such effects.
I. INTRODUCTION
Nowadays, Renewable Energy Sources (RES) are the main driver of the ongoing energy revolution all over the world. In order to manage RES, electric networks infrastructure, and the relevant regulatory and market frameworks, need to be properly updated. Similarly, there is a significant effort in the energy world toward a low carbon framework: one of the sectors which is experiencing important improvements is transportation. In 2011, the road transportation greenhouse gas emission was estimated 17% of the total 24% in the European Economic Area. Hence, European Commission has adopted a roadmap to cut 20% of transportation emission by 2030 and 60% by 2050 [1] - [3] . Therefore, transportation sector is shifting to electric mobility (e-mobility) and Electric Vehicles (EV) that could reduce the CO2 emissions [4] . Actually, it is particularly important to evaluate which role the electric mobility could play in the new framework of the RES based electric grids.
Electric mobility could act as an elastic load; it could theoretically change its energetic behavior in order to fit at best with the energy balance of the grid. It is well known that a first step of integration in the electric grid is relevant to a control of the charging processes, in order to schedule them at best [5] or to limit them in case of a grid congestion [6] . A second, more advanced, step is the so called vehicle-to-grid approach, that is, an active role of the e-mobility batteries injecting, when necessary, power to the grid, e.g. in case of a system under-frequency transients. This paper is focused on the first step, i.e. the goal of the work is to evaluate the impact of the e-mobility charging processes on the distribution grid, in a real life study case, to manage the relevant increase in energy consumption with respect to both the grid operational and efficiency parameters.
In the literature, some research has been done focusing on EVs management to schedule the charge of EVs optimally. In [6] - [10] the day-ahead forecasting techniques of EV load have been used to minimize the energy cost or to maximize the operators profit by creating the charging process schedule. Heuristic approach based on particle swarm optimization is used in [11] to determine the allocation of EVs. In this study, the power flow procedure is run before the optimization process. The possibility of discharging batteries to provide energy to the grid is evaluated in [9] . The offline optimization used in this research presents some limitations in terms of flexibility in the management of unexpected working conditions. The works in [7] , [8] are based on online procedures. The method proposed in [7] uses the preliminary optimization that could define the set-point for each charging station. Moreover, a controller implemented in the charging station schedules the Charge Requests (CRs). The station triggers an update of the set-point, if it cannot be met. The network operation effects on the CRs constraints, and the advantages of the scheduling procedure on the power system, have not been studied in depth, as the infrastructure of electricity distribution is not modeled in this study. In [8] , the power grid is divided in zones; the spatially distributed optimization procedure performed for each zone independently leads to local optima. For this reason, this method does not address network-wide issues and constraints.
Another important topic to be addressed evaluating the emobility evolution is relevant to the regulatory framework. In fact, charging stations could be classified in public and private points. In the first case, private users will have to activate two different supply contracts and two different meters; this could open to advanced energy price tariff focused on e-mobility. Similarly, private charging stations could be activated and managed for a public use; in this case the owner will act as an energy supplier, providing also additional services. In case of public charging points, it is mandatory to guarantee a nondiscriminatory access to the area; they could be managed by the Distribution System Operator (DSO) or, in order to foster competition, by new e-mobility operators. Investment cost could be covered by revenues on the access fees; incentive schemes could be proposed by the National Regulatory Authorities (NRA) in order to foster the e-mobility growth. Since this topic is particularly debated and worth an investigation, in the following a focus is dedicated to the regulatory framework evaluation.
II. ITALIAN LEGISLATION FOR SUSTAINABLE MOBILITY
The Italian legislation concerning the alternative fuels adopted in the transport sector evolved in the last decade moving from the acknowledgement and the adoption of European Directives, contextualized in the energy strategy EU2020 put in place by European Commission (EC). In particular, the strategy for Europe-2020 [12] promotes the diffusion of sustainable mobility looking after three main issues:
• the definition of common technical standards, • the development of the required infrastructure and • the incentivization of research in transport field. More specifically, policies foreseen in Transport2050 [2] roadmap by EC define ambitious targets such as:
• a reduction of CO2 emissions from the transport sector by 60%, • a strong effort towards the usage of zero and low emissions Electric Vehicles (EV) and Hybrid Electric Vehicles (HEV) and • the prevalent presence of ecological vehicles in urban areas. Moreover, the Directive 2009/33/EC [13] , concerning the promotion of green and low consumption vehicles, defined the target of 10% renewable energy quota in transport sector by 2020; these actions are included in a general framework where the diffusion of EV (and HEV) is promoted together with a continuous reduction of Green House Gases (GHG) emission by traditional, Internal Combustion Engine (ICE) based vehicles [14] .
Following the 2020 package and the actions urged for the transport sector by EC, many associations have been called to express their position at European and national level; the relevant documents have been exploited to define policies to be implemented in Italy [15] - [18] .
As a first result of the EU directives, since 2010 ARERA, the National Regulation Authority of Italy, sustained electrical mobility through a series of actions, with reference to both private charging systems and public ones. With the Decision 56/2010 [19] ARERA introduced a general system charge and a grid services tariff for private charging systems, deleting the legislative constraints that could impede the installation of new charging points; right after, with Decision 242/2010 [20] , a new tariff for public charging systems has been introduced: this tariff entered in force in 2011 and is updated every three months. Within the same decision, ARERA launched a series of pilot projects concerning the development of infrastructures for the charging of EV; these pilot projects have been selected with the Decision 96/2011 [21] and ended in 2015, bringing to relevant results.
More recently, the European and Italian legislation concerning the promotion of EV moved from two main measures:
• the EU Directive 2014/94/EU and • the Law of 7 August 2012 n. 134 by the Italian Parliament. Starting from the guidelines identified by the two documents at European and Italian level, it has been possible to define the deployment plans for EV charging infrastructures, the technical rules concerning modes and type of connections required for EV charging systems, and all regulatory aspects concerning the management of EV charging points.
On October 2014, European Parliament (EP) published the Directive 2014/94/EU [22] defining the main options for the diffusion of alternative fuels in the transport sector. The document individuated main obstacles for the diffusion of new mobility solutions in:
• the absence of a physical infrastructure for distribution of alternative fuels and • the absence of a common reference framework concerning technical rules and standards. These two issues are correlated to the lack of awareness regarding alternative fuels by EU citizens, the inability to develop economy of scale in this sector, in terms of both demand and offer of zero emissions vehicles.
Italy has acknowledged and applied the EU directive with the Law n.134 of August 2012, defining the development of a national charging infrastructure for EV as a priority among the actions to be implemented in the 2020 panorama. Under the light of this law, since 2013 Italy defined a national infrastructural plan for the charging of electric vehicles (known with the Italian acronym PNire [23] ), furtherly developed with the Law of 16 December 2016 n.257 [24] . The plan defines the guidelines to establish a diffuse development of charging stations for EV all over the Italian territory, starting from a series of measures involving:
• the institution of an EV charging service, for both private and public transport, which is coherent with the EU framework; • the introduction of management procedures for the services to be delivered in charging stations, particularly concerning the costs to be sustained by the users, the presence of a differentiated system tariffs and the regulation of modes, time and connections required for the charging process, taking care of the needs of users and of the electric grid; • the introduction of incentives and facilitation for the operators of the charging stations to favor the updating of services offered; • the realization of specific programs to promote the technological update of the existing private and public buildings, in order to integrate EV charging solutions; • the promotion of research activities in all the fields concerning the development of new solutions for EV charging processes, and all the aspects related to sustainable mobility.
The PNire implementation has been divided into two different steps:
• phase 1 (2013-2016), where institutions are called to define a reference framework for the infrastructural development and implement a first technological deployment which can guarantee the EV motion within urban areas; • phase 2 (2017-2020), where EU member states, stakeholders and national authorities are called to define harmonized standards to favor the diffusion of sustainable solutions, and charging infrastructure must be completed to host a high and increasing level of EV penetration.
According to EU directives, Italian legislation defined four main charging modes, differentiated on the basis of the power provided during charging process, and consequently the time needed to charge an EVs battery. This classification distinguishes slow, fast and very fast charging process, going from 7.4 kW of power provided (slow) up to more than 50 kW (very fast). The different technological solutions which can be adopted have been declined by Italian legislation according to different charging scenarios.
In the first scenario the charging process is supposed to last for a long time: this is the case of charging points at workplaces or in residential areas, where charging process is carried out during the whole day or at night-time. In this case low power (7 kW) charging points are required, and type 2 connection plugs are needed.
In the second scenario the charging process lasts for less than two hours, such as in the case of commercial areas where tertiary services are provided; therefore, medium power charging points are requested, with the possibility to charge more than one vehicle at the same time from a single charging station. The typical power provided is around 20 kW.
In the third scenario the time foreseen for the charging process is reduced, typically below 30 minutes. In this case, high power solutions, both in AC and in DC, are required, to guarantee flexibility and high performances; hence, advanced Combined Charging Systems (CCS) must be implemented. It is important to notice that in every case the charging process must be guaranteed independently from the necessity for the user to conclude a deal exclusively with the operators of charging stations; moreover, the provision of the charging process should be developed as the selling of a service and not of a good. Consequently, advanced solutions concerning the metering of energy provided, the monitoring of relevant parameters and the optimization of charging process can be a part of the service purchased by the user.
Finally, the realization of charging infrastructures must be carried out through proper agreements with the local administrations and the DSOs, in order to exploit the knowledge of the territorial needs and to verify the limits due to the electricity distribution grid.
III. EVALUATION OF THE E-MOBILITY CHARGE PROCESSES IMPACT ON THE DISTRIBUTION GRID
One of the biggest challenge for DSOs is the use of an intelligent control for managing power fluctuation due to passive and active users, to have more reliable and efficient networks [25] . In the DSO perspective, it is very important to guarantee a reliable management of the distribution grid, consequently proper planning and operational tools are required. Actually, the increasing of EV utilization may cause overload and undervoltage disturbances on the distribution grid [26] , [27] .
With respect to DGs, in the literature a lot of works propose a KPI approach, named Hosting Capacity [28] , to evaluate the maximum amount of incremental generation the system can manage according to grid technical constraints (such as steady-state voltage variation, thermal limits and Rapid Voltage Changes RVC) [29] - [34] . On the other hand, increasing the end-user electricity requirements is the main issue from the demand side, which is leading to evaluate the operational margins [6] .
In this paper a similar approach is proposed in order to evaluate the maximum amount of e-mobility charging processes the grid could manage. In particular, all the simulations are related to a real life grid: a MV distribution grid sited in the center of Italy (San Severino Marche), managed by the DSO A.S.S.E.M SpA. [35] .
The KPI approach proposed for the evaluation of the emobility charging processes on the distribution grid is based on a Monte Carlo algorithm (MC). Scenarios are studied thanks to performance indices typically adopted for hosting capacity evaluation in [33] , [36] , [37] .
A. Steady-State Voltage Variations (SSV)
In order to avoid malfunctions of grid connected equipment because of voltage increases sue to connected DG, the SSV variations, according to the EN 50160 [26] , must remain within ±10% of the rated voltage during 99% of the time [38] .
B. Transformers and Lines Thermal Limits
The generation exceeding the load causes reverse power flow. However, each branch of the network has a specific limit, depending on its own design and installation criteria.
C. Rapid Voltage Changes (RVC)
It is the difference between the voltage amplitude when DG is connected and injecting power into the grid and after its sudden disconnection. There is no strict constraint for RVC in EN 50160; only an approximate range of 4% to 6% of rated voltage is defined for MV networks.
where V DG,k and V k are the voltage amplitudes, respectively, with and without DG.
D. Grid Efficiency
Losses on MV feeders can be evaluated as a further performance index; in particular such an index will be adopted to compare the efficiency of the electric grid in supporting different e.mobility penetration scenarios, and allows to compare each other the grid performances with respect to different assumptions in the e.mobility parameters.
In order to model e-mobility energy needs, the MC procedure developed is based on different assumptions. In the simulation performed, a charging station has been supposed in place in every secondary substation of the passive grid. In this regard, three different charging modes have been proposed, coherently with the scenarios detailed in section II. Namely, 3 kW (the most common solution in place in Italy for domestic and slow charging process), 20 kW (selected to represent fast public charging station) and 50 kW (a realistic, short/medium term assumption for very fast charging station) have been selected as slow, fast and very fast recharge processing respectively. Each charging station has the same probability to be selected, while a roulette wheel selection has been used in order to select the node where a new e.car is asking for a recharge.
A second roulette wheel has been adopted in order to choose the nominal power of each charging process, i.e. to simulate different charging technologies for different vehicles. Three different distributions of each mode have been considered; the first distribution has been tested for mainly slow domestic recharge process, the second one is mainly fast process and the last one is considered in prevalence very fast process. In the following, the probability of each technology has been mentioned.
• Simulation SET1: 80% slow + 10% fast + 10% vary fast.
• Simulation SET2: 20% slow + 60% fast + 20% very fast.
• Simulation SET3: 10% slow + 10% fast + 80% very fast.
Similarly, adopting a third roulette wheel, a different distribution of arrival-departure time has been modeled for each vehicle (i.e. different charging time). For each hour of the year, the algorithm simulates the charging processes (increasing them iteratively) and checks the KPI devoted to evaluating the quality of supply, up to a predefined operational limit. Simulations are defined with respect to different assumptions. The slow recharge process time is concentrated on late evening and each charging process will last for 7 hours (21 kWh). In this charging process, only one recharge per car in each single day is allowed. A high probability for using fast recharge process in late morning and afternoon has been assumed; each charging process will last for 2 hours (40 kWh) and (as domestic charging process) only one recharge per car in each single day is permissible. The very fast process time has more probability from 8 a.m. to 22 p.m., as the charging process will last only one single hour (50 kWh); two recharge processes in each day could be done by each electric car. Table I represents the summary of time probability adopted for the study. 
IV. STUDY CASE DESCRIPTION
San Severino Marche, with 193 km 2 area, is a small town in the center of Italy; its 20 kV distribution grid has a total length of 180 km. Fig 1 shows the energy demand during a year , simulated in this paper exploiting the realistic assumptions on the load. Two transformers are placed in the primary substation; six feeders depart from one transformer and seven from the other one. In the past, the area reported a significant amount of hydro resources while, recently, photovoltaic penetration rises year after year. Moreover, due to the agricultural activities, good opportunities are also related to biomasses. The energy needs of the loads are quite limited, consequently a reverse power flow regularly occurs, especially during summer time.
Thanks to past experimental projects, the area is already provided with an advanced communication architecture, allowing the exchange of real-time signals/data between the DSOs control center and the users; the communication system is based on fiber optic, Wi-Fi bridges, and mobile network (LTE). Moreover, the smart grid core unit is linked to the DSOs SCADA/DMS and to a set of monitoring apparatuses deployed in primary and secondary substations to properly collect real time measurements about the grid operation [39] . Finally, weather nowcast and forecast equipment is going to be deployed in order to estimate in real time and in advance RES production [40] . V. SIMULATION AND RESULTS In order to validate the procedure proposed in section III, it has been tested an equivalent model of the San Severino distribution grid, and several simulations have been performed. In particular, for each single simulation set, the number of 1000, 2000, 3000 and 4000 electric cars have been connected to the grid nodes.
In the following a detailed analysis of the aforementioned simulations is reported; results are relevant to a whole year scenario and samples are detailed for each single hour. The focus is in the evaluation of the distribution grid hosting capacity in front of e-mobility and in the quantification of the relevant impact on losses. Scenarios simulated are detailed with respect to different assumptions on the e-mobility penetration in the area (power absorbed during the charge processes, number of charges in a day, travel length average, etc.).
After performing MC simulation for the mentioned number of cars and for each simulation set, the results were evaluated according to the technical constraints; Table II In all the simulations performed, the limiting factor results to be the maximum current over the grid branches. Based on the classified assumptions in the Simulation SET1 (charging processes mainly based on domestic and slow processes) the grid under study shows an overcurrent equal to 114.94% of the nominal one in managing 4000 e.cars. Adopting assumption corresponding to the Simulation SET2 (charging processes mainly base on fast public charging station) the hosting capacity is limited to less than 2000 cars (overcurrent up to 120.81% are detected). Finally, Simulation SET3 assumption drives to an even higher overcurrent, depicting a grid hosting capacity slightly higher than 1000 e.cars. Moreover, faster charging process could bring increase of system losses. Figure 2 shows the transformer power flow after adding 1000 cars in the grid for each simulation set. As obvious, the power flow increased where the charging process is faster. In particular, this magnifies the total load for one week. It can be seen that, in simulation SET1 and SET2, the peak values could be changed in hours of the day by high probability of charging cars; however in simulation SET3 the peak values are focused in daylight hours, that is critical load fluctuation over a single day could arise (such a result is coherent with respect to the assumptions adopted in the models developed for this study).
VI. CONCLUSION
The aim of this paper was to evaluate the impact of the e-mobility charging processes on the electric grid, in a real-life study case. The study was developed according to three different recharging modes, the first based on domestic charging process, the second relevant to public fast charging station, the latter based on enhanced, very fast, public charging stations. Afterwards, three different test case (SET1, SET2 and SET3) had been tested. The charging processes impact on the grid has been evaluated adopting a KPI procedure, devoted to quantify the hosting capacity of the grid. In all the simulations performed, no criticalities have been detected with respect to the feeders voltage profile. As a matter of fact, the limiting factor in the grid charging process hosting capacity resulted to be the line thermal limit, i.e. the maximum current the feeders could manage. In addition, the results showed that although SET3 distribution (mainly very fast charging) provides high speed charging process, it could cause some critical load fluctuation over a single day limiting the capacity of the grid to host recharge process, or, similarly, decreasing the efficiency of the distribution grid.
